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Q : ABSTRACT 

r-| \ In this paper we consider the possibiUty that the structure of the largest 

*f~^\ radio galaxy J1420— 0545 is formed by a restarted rather than a primary jet ac- 

2 ! tivity. This hypothesis is motivated by the unusual morphological properties of 

c/3 \ the source, suggesting almost ballistic propagation of powerful jets in a particu- 

larly low-density environment. New radio observations of J1420— 0545 confirm its 
morphology consisting of only two narrow lobes; no trace of any outer low-density 
K* \ cavity due to the previous jet activity is therefore detected. Different model fits 

Tiij- \ performed using the newly accessed radio data imply relatively young age of the 

J^ \ source, its exceptionally high expansion velocity, large jet kinetic power, and con- 

p.^ \ firm particularly low-density environment. We find that it is possible to choose 

O \ a realistic set of the model parameters for which the hypothetical outer lobes 

of J1420— 0545 are old enough so that their expected radio surface brightness 
is substantially below the rms noise level of the available radio maps. On the 
other hand, the extremely low density of the gas surrounding the J1420— 0545 
5h ' lobes is consistent with the mean density of the baryonic matter in the Universe. 

This suggests that the source may be instead located in a real void of the galaxy 
and matter distribution. In both cases the giant radio lobes of J1420— 0545 
are expected to modify substantially the surrounding matter by driving strong 
shocks and heating the gas located at the outskirts of the filamentary galactic 
distribution. Finally, we also find that the energetic requirements for the source 
are severe in terms of the total jet power and the total energy deposited by the 
outflows far away from the central engine. 

Subject headings: radiation mechanisms: non-thermal — galaxies: active — 
galaxies: jets — galaxies: individual (J1420— 0545) 



x 



-2- 



Introduction 



Giant radio galaxies (hereafter GRGs) are luminous but low-surface brightness sources 
dominated at radio wavelengths by the emission of extended lobes with linear sizes > 1 Mpc. 
Morphologically, most of GRGs resemble powerful Fanaroff- Riley type II objects (FRIIs; 
Fanaroff fc Rileyl 1 19741 ). and hence dynamical models developed for classical doubles are 
typically used to infer their intrinsic parameters b ased on the multifrequency radio data 



obtained using a varie ty of radio instruments (e.g., iKonar et al.ll2008l : iJamrozy et al.l 12008 



Machalski et al.ll2009l ). The key difficulty in modeling and understanding of such sources 
is however the fact that the main characteristics of the ambient medium surrounding gi- 
ant lobes are hardly known. In fact, there are almost no observational constraints on the 
structure, temperature, or density of the intergalactic gas at Mpc distances from the centers 
of poor cluster s or groups in which powerful radio galaxies, including GRGs, are expected 
to be located (IJamrozy et al.l |2004J : ISaripalli et al.ll2005l ). But one may also turn the ar- 



gument around, and argue that GRGs can indeed be used as unique probes of the inter- 
galactic medium (IGM) and of its cosmological evolution at the outskirts, or even outside 
of groups and cluste r s of g alaxi es. This idea was di scussed and pushed forward by, e.g., 
Subrahmanyan et al.l (120081 ) and ISafouris et al.l (120091 ) . 



Clearly, using GRGs as cosmological probes requires a consensus regarding the nature 
of those objects. Are therefore GRGs just evolved FRII galaxies, for which large linear 
sizes are strictly due to their advanced ages of the order of 10 Myr? Or are they instea d 
intrinsically different from classical doubles (as suggested by, e.g.. Kaiser &: Alexanderlll999l )? 
A detailed analysis of various samples of GRGs favors the former possibility, suggesting 
however in addition that densities of the medium surrounding the discussed objects are 



lower t han average for the whole F R II population (JMack et al.l Il998l : ISchoenmakers et al. 



2000bl : iMachalski fc Jamrozyl |2006| ) . It is interesting to note in this context an analogy 
with the sources located at the other extremum of the size distribution of radio galaxies, 
namely Compact Symmetric Objects (CSOs), which spectroscopically are often classified 
as GigaHertz-Peaked Spectrum (GPS) sources. For these, the long-debated question was if 
their linear sizes 0.1 — 10 kpc are due to young ages (< 0.1 Myr) of otherwise 'regular' FRII- 
like radio structures, or instead are due to exceptionally dens e ambient rn edium frustrating 
evolved jets and confining their lobes within host galaxies (see lO'Dealll998l . for a review). Or 
do they constitute yet another intrinsically distinct population of extragalactic radio sources? 
The merging agreement is that compact radio galaxies are indeed newly bor n precursors of 



classical doubles (and also of low-power FR I sources; see the discussion in IStawarz et al. 



20081 . and references th erein) , even though some o f them may reside in particularly overdense 
environment (see, e.g.. iGarcia-Burillo et al.ll2007l ). 
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During the recent years it became clear that understanding the evolution of extragalactic 
radio sources — including the youngest and the oldest examples of this class of astrophysical 
objects — involves however not only accessing the properties of the ambient medium into 
which they evolve, or the main jet parameters (like jet total kinetic power, lifetime, etc.), but 
also characterizing a complex duty cycle of the jet activity. In particular, population stud- 
ies of radio galaxies and quasars indicated that the jet activit y must be intermittent, or at 
least highly modulated, in addition on differ e nt timescales (e.g., Reynolds &: Begelmanlll997l : 
Alexander! l2000l : ISchoenmakers et al.l l2001t ICzerny et al.l |2009| ) . The direct observational 
evidences for such an intermittency consist of different manifestations of the interrupted 
and/or restarted jets in radio-loud Active Galactic Nuclei (AGN), in cluding interestingly 



some GRGs with compact imier structures of the CSO/GPS type (e.g., ISchoenmakers et al. 



19991 : iKonar et al.ll2004j . l2008l : ISaikia et al.l 120071 ). This is an important point indeed, since 
it indicates that the appearance of large-scale jets and lobes is shaped not exclusively by 
the jet lifetime and the jet kinetic power relative to the density of the ambient medium, as 
believed previously, but is a complex convolution of these factors with the jet duty cycle. 
Note in particular that the restarted jets do not propagate within the undisturbed interstel- 
lar/intergalactic medium, but instead within the environment modified by the passage of the 
outflow during the previous epoch of the jet activity, and this may affect substantially the 
observed properties of the newly formed lobes. 

Double-double radio galaxies (hereafter referred to as DDRGs) are the most striking 
and clear examples of a highly intermittent activity of the jet engine with no realign- 



ment of the outflows' dire ction in the two subsequent activity epochs (JLara et al.l Il999 



Schoenmakers et al.l l2000al ) . These are the sources in which an extended radio structure 
comprises at least two pairs of lobes with a common core, both strongly co-aligned to within 
a few degrees to each other. At present, about 15 o f such systems have bee n identified from 
either radio or X-ray observations (for a review see lSaikia fc Jamrozyll2009l ) . The outer and 
also the inner lobes of DDRGs are uniquely characterized by an edge-brightened morphology 
of the FRII type, what led at the first place to the interpretation of the inner structures 
in DDRGs as 'regular lobes' indeed, inflated by a plasma left behind a head (a termina- 
tion shock) of a new-born jet which p ropagates through an outer cocoon formed during 
the previous epoch of the jet activity (JKaiser et al.ll2000l ). The alternative interpretation 
for the inner structures of DDRGs would involve ballistic and 'naked' (lobeless) jets ob- 
served in a few perforrned 20 and SD hyd rodynamical simulations of restarting outflows in 
AGN ( IClarke fc Burnslll99ll : IClarkelll997l ). Bulk of the observations and analysis carried 
till now f or several best known DDRGs are in genera l consistent with the former scenario 



see, e.g., ISaripalli et al.ll2002l 120031 : iKonar et al.ll2006t ISafouris et al.ll2008t iMachalski et al. 



20101 ). even though some potential problems of the model has been recently discussed in 
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Brocksopp et all (120071 . I2OI If ) 



The problems arise when the exact evolution of the inner lobes of DDRGs is analyzed. 
These inner lobes appear rather slim on the high-dynamics radio maps, displaying in partic- 
ular axial ratios in the range of 9 — 16, to be compared with the range of 2 — 5 established for 
the outer lobes of same systems, and also for the lobes in 'regular' FR II radio galaxies. This 
indicates that the restarted jets in DDRGs propagate within the environment much rarified 
with respect to the original IGM in which the outer lobes are evolving, as in fact expected in 
the framework of the jet intermittency scenario, but yet much denser than the one provided 
simply by the injection of a jet plasma t o the outer lobes in t he previous epoch of the jet ac- 
tivity (see, e.g., the detailed analysis by lSafouris et al.ll2008[ ). Thus required contamination 
of the remnant cocoons by the additional m atter is one of the central questions regarding 
the nature of DDRGs (see the discussion in iKaiser et al.ll2000l ). It is not clear, however, 
if any entrainment process operates on sufficiently short timescales to enrich substantially 
the outer cocoons with the required amou nt of the cold m a tter f r om th e IGM during the 
lifetime of a radio source. For this reason, iBrocksopp et al.l (120071 120111 ) argued that radio 
emission observed from the inner structures of DDRGs is not due to the lobes of newly born 
jets, but predominantly due to bow shocks induced within the extended lobes by only briefly 
interrupted relativistic outflows. In this scenario no contamination of the extended/outer 
cocoon by the additional matter would be needed. 

In this paper we consider and analyze a possibility that the structure of the largest radio 
galaxy known up to date — J1420— 545 with the total projected linear size oi D = 4.69 Mpc, 
discovered by lMachalski et al.l ( l2008l ) — is formed by a restarted, rather than a primary jet 
activity. The motivation for the performed analysis and new radio observations is due to the 
fact that the axial ratio for the lobes in this outstanding example of a giant, Rt ?^ 12, is of 
the same order or even larger than axial ratios for the inner lobes in all well studied DDRGs, 
and therefore very different from the typical axial ratios characterizing 'normal size' FRII 
sources or other known GRGs. Since in the framework of the standard dynamical model for 
classical doubles the axial ratio of the lobes depends predominantly on the jet kinetic power 
relative to the density of the surrounding, J1420— 0545 must be a powerful sourc e evolv ing in 
a particularly low-density environment, as indeed concluded in lMachalski et al.l (l2008l ). The 
question is if the low-density of the matter surrounding giant lobes of J1420— 0545 is due to 
a unique location of J1420— 0545 in a void region, or due to some previous jet activity epoch 
which took place before the formation of the currently observed lobes, and which rarified 
the IGM thereby (in analogy with DDRGs). In the former case, J1420— 0545 may be used 
as a particularly interesting (due to its enormous size) probe of a 'warm-hot phase of the 
intergalactic medium' (hereafter WHIM) within a filamentary galaxy distribution far away 
from any group or cluster of galaxies. In the latter case, J1420— 0545 would be the most 
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extreme example of a restarting radio galaxy, providing interesting constraints on the jet 
duty cycle and cosmological evolution of radio-loud AGN. 

New observations of J1420— 0545 , conducted with the Giant Metrewave Radio Telescope 
(GMRT) and Very Large Array (VLA), confirm its morpholo gy consisting of only two narrow 



l obes discerned in th e VLA 1400 MHz sky surveys FIRST (IBecker et all 119951 ) and NVSS 



( ICondon et al.lll998f l. together with the radio core coincident with a parent galaxy at the 
redshift oi z = 0.3067. The whole radio structure is highly collinear and symmetric: the arm 
ratio is 1.08 only, and the misalignment angle is 1.3°. No trace of any outer cocoon is however 
de tected in our new observations. We modeled J1420— 0545 using the DYNAGE algorithm 



of iMachalski et al.l ( 120071 ). along with the three bona- fide DDRGs treated as comparison 
and control sources. The resulting 'radio luminosity — linear size' {P^, — D) evolutionary 
diagrams are used to determine conditions allowing the hypothetical outer lobes in the 
discussed object to dim in radio fluxes to a level precluding the detection at the given 
sensitivity limits. The archival data regarding the exemplary DDRGs used in the modeling, 
as well as the new GMRT and VLA observations of J1420— 0545 resulting in high-resolution 
low- and high-frequency maps of the source, are presented in § 2 of the paper. The applied 
model and the obtained model results are described in § 3. Further discussion regarding the 
jet energetics and the properties of the environment of J1420— 0545 are given in § 4. Final 
conclusions are summarized in § 5. Distances, linear sizes, volumes, and luminosities of the 
analyzed sources are calculated for the modern ACDM cosmology (fim = 0.27, ^a = 0.73, 
and Hq = 71 kms"^ Mpc^^). 



2. The Data 

In order to test the hypothesis that the observed radio structure of J1420— 0545 results 
from a secondary jet activity in the parent AGN, we gathered new GMRT and VLA data. 
These allow us to model the source using the DYNAGE algorithm (see §3.1), along with 
the three carefully selected DDRGs, treated as comparison sources, for which the outer and 
inner lobes are observed and well mapped at a number of radio frequencies. The results of 
the newly conducted observations of J1420— 0545 as well as the details regarding the selected 
DDRGs are given below. Main properties of the studied sources are summarized in Table 1. 
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2.1. GMRT and VLA Observations of J1420-0545 

The analysis of J1420— 0545 presented in this paper is based on the radio observations 
conducted with the GMRT and VLA , as well as on the archival VLA data from the NRAO 



1400 MHz FIRST and NVSS surveys flBecker et al.lll995l : ICondon et al.lll998[ ). The observing 



log for the new GMRT and VLA observations is given in Table 2, including the name of 
the telescope and the array configuration, the frequency of observations and the primary 
beamwidth, as well as the dates of the exposures. The 4860.1 MHz VLA image of the entire 
source is presented in Figure 1. The enlarged GMRT and VLA images of the northern and 
southern lobes at four different observing frequencies are shown in Figure 2. The images at 
1400 MHz are reproduced from the FIRST survey, and the instrumental characteristics for 
all the radio maps included in this paper are collected in Table 3. The obtained radio fluxes 
of J1420— 0545 and the resulting luminosities are listed in Table 4. 

The low-frequency GMRT observations at 328.8 MHz and 617.3 MHz were made in the 
standard manner, with each observation of the target source interspersed with observations 
of calibrator sources. The phase calibrators PKS B 1416+067 (3C 298) and PKS B 1442+101 
were observed at 328.8 MHz and 617.3 MHz, respectively, after each of several 20 minute-long 
exposures of the target centered on the core position. 3C286 w as used as the flux density 



and bandpass calibrator based on the scale of iBaars et al.l ( 119771 ). The total observing times 



on the target sources were about 200 min (at 328.8MHz) and 180 min (at 617.3 MHz). The 
data were edited and reduced using the NRAO AIPS package, and then self-calibrated to 
produce the best possible images. 

The high-frequency 4860.1MHz observations conducted with the VLA in its D conflg- 
uration were made in two runs aimed at a different lobe of J1420— 0545 each (see Table 2). 
The interferometric phases were calibrated every 20 min with the phase calibrator PKS 
B 1351— 018. The source 3C286 was used as the primary flux density calibrator. 41 and 
93 minute-long exposures were conducted for the fields centered on the northern and the 
southern lobes, respectively. This allowed us to reach an rms noise values of about 0.048 and 
0.036 mJybeam"^ for the two exposures respectively. The data were edited, reduced and 
self-calibrated with the NRAO AIPS package. Images produced from the resulting datasets 
were corrected for the primary beam pattern. 



2.2. Comparison Sample of DDRGs 

The three DDRGs selected for this project are J1453+3308, J1548-3216, and J0041+3224. 
The archival data for these used in our modeling are summarized in Table 5. 
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T he source J1453+3308 (= B1450-J-333) is one of the best studied DDRG ( ISchoenmakers et al. 



2000al: iKaiser et aL 



2000; 



Konar et al.ll2006[ ). Multifrequency radio maps of this object pre- 



sented in lKonar et ahl (|2006[ ) show broad, diffuse outer lobes extended out of the colhnear pair 



of nar row inn er lobes. The dynamica l modeling of the source discussed in iMachalski et al. 



( I2OO9I ) and in iBrocksopp et al.l ( 1201 ll ) resulted in significantly different values for the fitted 
model parameters. This is most likely due to different model setups and different assump- 
tions involved in the modeling. Hence J1453-I-3308 deserves further consideration. 



The source J154 3-32 16 (= PKS B1545-321 ) was analyzed by ISaripalli et al.l (120031 ) 



Safouris et al.l ( 120081 ). and iMachalski et al.l (|2010l ). The outer lobes of this DDRG extend 
back to the parent galaxy forming a common cocoon with no significant gaps in radio bright- 
ness. The inner narrow lobes are therefore fully embedded within the outer lobes, all the 
way from the radio core to their termination points. The ages and other characteristics of 
both pairs of lobes, as well as the properties of their surr ounding environments, have been 
previously determined using the DYNAGE algorithm by IMachalski et al.l ( I2OIOI ). 



The DDRG J0041+3224 was discovered bv ISaikia et al.l (l2006f l. In spite of the lack of 
spectroscopic redshift determination for the parent galaxy, the source is taken into consid- 
eration in our work because its inner lobes are brighter at radio wavelengths than the outer 
lobes. This is quite unusual characteristic in the whole sample of all known DDRGs. The 
other morphological properties of the source are however typical for its class. An uncertainty 
in the photometric redshift estimate for J0041-I-3224 affects the determination of its physical 
size and luminosity, but should not influence much the main conclusions. 



3. Modeling 

The standard and widely considered sce nario for the tim e ev olution of FRII type radi o 



sources is based on the pioneering work by IScheuerl (119741) and iBlandford fc ReesI ( 19741) 



modified subsequently by a number of authors fe.g.. iBe gelman &: Cioffi 



Kaiser fc Alexanderlll997l : iKaiser et al.lll997l : iBlundell et al.„1999i : iManolakou fc Kirk 



1989 



Falle 11991 



2OO2I). 



This scenario enables for a self-consistent evaluation of the source (lobes') length and radio 
luminosity for a given jet power, jet lifetime, and density of the ambient medium, accounting 
for the cumulative effects of energy losses of relativistic particles injected by the jet into 
the evolving cocoon due to the synchrotron radiation, inverse Compton scattering of CMB 
photons, and adiabatic expansion o f the lobes. Our ana l ysis p resented below is based on a 
particular dynamical description by IKaiser fc Alexanderl ( 119971 ) with the radiative processes 
properly taken into account follo wing Kaiser, Dennett- Thorpe & Alexander (1997; hereafter 
'KDA' model), as summarized in IKaiser &: BestI ( 120071 ). 



3.1. DYNAGE Algorithm 



Similarly to our previous work (JMachalski et al.ll2008l . 12009 



, 120101). the analysis pre sented 



in this paper is performed using the DYNAGE algorithm of iMachalski et al.l ( 120071 ). This 
numerical code allows us to solve the inverse problem, i.e. to determine — for a given set of 
observables — four main free parameters of the KDA model, namely (i) the jet power Qj, (ii) 
the density of the ambient gaseous medium near the radio core po, (iii) the age of the lobes 
t, and (iv) the effective injection spectral index amy The latter parameter approximates 
the slope of the emission continuum of the electron energy distribution freshly injected at 
the jet head — jet termination shock (hotspot) — into the expanding lobes. Note that the 
term 'effective' stands here for the average over a broad energy range and over the lifetime 
of the source, since the energy spectrum of particles accelerated at the hotspot may change 
with time, and may b e far from a 'single power-law' approximation (see the discussion in 
Machalski et al.l 120071 ). A relatively robust determination of these four free parameters is 
enabled by fitting the applied dynamical/radiative model to the main observables, namely 
(i) the projected linear length of the cocoon D, (ii) the total volume of the cocoon V, and 
(iii) the lobes' radio power at different frequencies P^^ (where i = 1,2,3,...). As in the 
KDA model, we assume an inclination 6 = 90° and a cylindrical geometry for each source. 
This, for the total length D and width w, gives the total volume V = ttD^/IAAR"^), where 
AR = 2 i?T = D/w is the axial ratio of the whole radio structure (in the case of roughly 
symmetrical lobes). The other model parameters (such as adiabatic indices for the plasma 
inside and outside of the cocoon, 7^ and 71GM5 respectively) and model assumptions are 
discussed in IMachalski et al.l ( 120071 ) . 



The original KDA model assumes a constant and uninterrupted jet flow delivering ultra- 
relativistic gas to the expanding lobes throughout the whole lifetime of a source. As such, it 
is well suited for describing relatively young or normal-size FR II radio galaxies, but may not 
be directly applicable for modeling the evolved objects, i.e. remnant/outer lobes of GRGs 
and DDRGs, whose observed properties indicate in many cases a faded jet activity at the 
time of observations. Therefore, in order to analyze such systems in the framework of the 
discussed scenario, it seems necessary to introduce one more free parameter to the model, 
namely the jet lifetime tj, which may be substantially different than the age of the source 
t. Note in this context that when the jet activity is terminated, the adiabatic expansion of 
the cocoon inflated by the j ets is expected to slow down, or even to stop completely (see 
Brocksopp et al.ll2007l . I2OIII ). Hence two different phases of the dynamical evolution of such 
lobes should in fact be considered, the first one corresponding to the ongoing feeding of the 
lobes by the active jets (source ages t < tj), and the second one corr e spond ing to the case 
when the jet flow is ceased (t > tj). As discussed in iBrocksopp et al.l ( 1201 ll ). a few/several 
sound-crossing times through the lobes are needed to establish the new expansion regime 
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during the second phase of the evolution, and this timescale may be comparable to the age 
of the source in the case of large-scale outer lobes of GRGs and DDRGs. 

Following the above argument, in our fitting procedure we neglect the effect of a slower 
expansion phase when evaluating the dynamical parameters of a source. This allows us in 
particular to estimate the length of a jet as 

/ n. \ 1/(5-/3) 

m = cA^) e'''-'\ (1) 

and the longitudinal expansion velocity of a cocoon as 

m^^^ 3Ci f_Ql_\ ^(/3-2)/(5-/3) ^2) 

In the above ci is a numerical constant depending on a value of /2t, oo is the radius of the 
central plateau in the density distribution of the surrounding gas, and (3 is the exponent in 
the anticipated ambient density profile p(r) = po {r/ao)~^. The total projected length of the 
entire structure is D = 2 ij. The ratio of the pressure within the lobes' heads to that within 
the res t of th e cocoon, V^c = Ph/Pc, is taken as Vhc = (2.14 — 0.52/3) Rj, ~ ' '^ following 



Kaised (l2Q00|) 



We note that only if tj is significantly shorter than t, thus evaluated model parameters 
would correspond to the lower limit on the ratio Qj/po- But since in our discussion below 
(§ 4) we emphasize large jet kinetic powers and low ambient medium densities required to 
fit the observed spectrum of J1420— 0545 (and of the other giant sources), equations 1-2 
constitute a very conservative choice indeed. Besides, in the presented model fitting the 
jet lifetimes are never less than 70% of the source ages. Importantly, the evaluation of the 
lobes' luminosities is done taking into account only those relativistic particles which are 
injected into the lobes during the first phase of the evolution, corresponding to the ongoing 
jet activity. The integration o ver th e source spectrum is performed following the description 



provided in iKaiser fc Cotterl ( 120021 ) in the context of relict radio sources. 



In the KDA model the minimum-energy condition is applied, being determined by ac- 
counting for the energies stored in the lobes' magnetic field and in relativistic radiating parti- 
cles only. However, the extended lobes of luminous radio galaxies may not fulfill exactly the 
minimum-energy condition, and may contain — especially at large stages of their evolution 
— a significant fraction of non-radiating (possibly mildly-relativistic) particles, as indicated 
by the recent X-ray observations of a number of such systems as well as by some theoreti- 
cal considerations. Yet the departures from the energy equipartiti on between magnetic field 



and radiating electrons within the FR II lobes are never that large (jKataoka fc Stawarzll2005 
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Croston et al.ll2005r). as demon strated also for several particular cases of GRGs (JKonar et al. 



2009 



Isobe et al. 



20091 . l2011al Jbl). Hence, in our analysis we apply the standard minimum- 



energy condition, but allow for a non-negligible contribution of non-radiating particles (ul- 
trarelativistic or only mildly-relativistic protons) to the total pressure inside the cocoons. 
The ratio of the energy density stored in the lobes' magnetic field B to that stored in all the 
lobes' particles is then 72.eq = (1 + '5inj)/[4 {k' + 1)], where Sjnj = 2 ajnj + 1 is the energy slope 
of the electrons (with minimum and maximum Lorentz factors 7min and 7min, respectively) 
freshly accelerated at the jet termination shock, and k' is the energy /pressure fraction of the 
non-radiating particles. 



3.2. Results 



The observational data summarized in § 2 are fitted using the DYNAGE algorithm 
described in §3.1. The results of the modeling are given in Table 6. In the fitting proce- 
dure we fix the following model parameters: adiabatic indices for the plasma within and 
outside of the cocoons 7c = 7igm = 5/3, minimum electron Lorentz factor 7min = 1 and 
the maximu m electron Lorentz fa ctor 7max = 10^, as well as the inclination of the lobes 
6 = 90° (see iMachalski et al.l 120071 . for more discussion regarding these model assumption). 



In the anticipated density profile characterizing the ambient medium into which the lobes 
evolve, p(r) = po {r/ao)~^, we fix the characteristic radius of the density plateau oq = lOkpc, 
and — in the case of the outer cocoons propagating through an undisturbed IGM — the 
power-law index /3 = 1.5. Such a density profile is expected to be a good appr oximation of 



the h ot gaseous medium in groups of galaxies hosting luminous radio sources (JKaiser et al. 



19971 ). When modeling the inner lobes, which propagate within a uniform plasma of the 
outer cocoons, we set instead /3 = or 0.1 (as determined by a quality of the fits). Note that 
the assumption regarding a uniform distribution of the matter within the lobes is justified 
by the fact that the sound speed thereby has to be in general high when compared to the 
dynamical timescale involved (see iKaiser et al.ll2000l ). Finally, we assumed the fraction of 
the non-radiating particles k' = for the inner lobes, and k' = 10 for the outer lobes, in 
order to account for the expected entrainment processes enriching the evolved cocoons with 
the matter. 

The model fits return the following free parameters: the total jet kinetic power Qj, the 
density of the central plateau in the distribution of the ambient medium pq, the injection 
spectral index ainj, the age of the lobes t, and the jet lifetime tj. These allow us to evaluate 
further some other parameters of the analyzed sources, including the advance velocity of 
the jets Vh_{t)/c (see equation2), the average expansion velocity of the source D/{2ct), the 
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density of the surrounding medium around the lobes' heads p{D), the cocoon pressure pc, 
and the magnetic field intensity within the lobes B. The radio spectra for the control sample 
of DDRGs fitted by the applied model are presented in Figure 3. The quality of the fits is 
quantified by the reduced x^ values given in Table 6, and also in Figure 3. 



3.3. The Case of J1420-0545 

The high-resolution GMRT image of J1420— 0545 at 617 MHz confirms very narrow lobes 
of the source, as already suggested by the 1400 MHz map available from the FIRST survey. 
The axial ratio of the lobes, R^ ~ 12, is of the same order or even bit higher than that char- 
acterizing the inner lobes in basically all the well-studied DDRGs, and much higher than 
that established for normal-size FR lis, outer lobes of DDRGs, or GRGs. Also the age of the 
ob served radio stru c ture o f J1420— 0545 found from the preliminary model fitting presented 



by iMachalski et al.l (120081 ). namely ~ 50Myr, as well as the average expansion speed evalu- 
ated by the authors, > 0.1 c, are totally discordant with the corresponding values determined 
for the other GRGs. Therefore, the idea that the observed structure of J1420— 0545 might 
be due to a restarted rather than a primary jet activity seems well justified. Unfortunately, 
all the observations made till now do not show a trace of any relict (older) cocoon embedding 
the observed lobes. 



In the first step of the modeling, we repeated the calculations of IMachalski et al.l (120081 ) 
using the new radio data presented in §2. The observed lobes of J1420— 0545 are thus 
modeled as structures formed by a primary jet activity, with the standard ambient medium 
density profile appropriate for group of galaxies assumed (oq = lOkpc and (3 = 1.5), along 
with k' = 1 (model "Primary" in Table 6). It is worth noting however that the assumption 
regarding the ambient medium density may not be strictly valid in the particular case of 
the analyzed object, since the optical galaxy counts around J1420— 0545 do not reveal any 
excess over the background level (see in this context §4.1). Besides, even if some gaseous 
halo exists around the host galaxy of the source, similar to the virialized hot IGM of elliptical 
galaxies and groups of galaxies, its extension up to > Mpc distances from the central AGN in 
a form of a steep power-law density distribution seems questionable. Thus, the parameters 
returned by the "Primary" model fit have to be taken with caution. In addition to this, we 
also model the lobes of J1420— 0545 as structures infiated by restarting jets, in analogy to 
the inner lobes of DDRGs, setting in this case /3 = 0.1 and k' = (model "Inner" in Table 6). 
For illustration, the "Inner" model fit to the comoving spectrum of the entire structure of 
J1420— 0545 is shown in Figure 4. 

Both "Primary" and "Inner" models return comparable physical parameters of the stud- 
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ied object — in particular Qj ~ 4x lO^^ergs"^, ainj — 0.55, t ~ 35Myr, t>h(t)/c :ii D /(2ct) ~ 
0.2, pc — (0.1 — 0.4) X 10^^'^ dyncm"^, and B ^ 0.6 /xG — except of the central density of the 
ambient medium po- We note here relatively young age of the source implied by the model 
fits (in between of the ages evaluated for the inner and outer lobes of the analyzed DDRGs), 
its relatively high expansion velocity (ten times higher that the corresponding values found 
for the outer lobes in the control sample of DDRGs), and the magnetic field inte nsity exactly 



within the range estab l ished f or other GRGs through the X-ray observations (JKonar et al. 



20091 : llsobe et al.ll2009l l2011al Jbri. The goodness of the fits in both "Primary" and "Inner" 
cases is practically the same; the test Xred cannot be therefore used to distinguish between 
the models. Importantly, the only difference between the two models considered, i.e. the 
emerging value of the po parameter, is just a direct consequence of the different ambient 
density profiles assumed (/3 = 1.5 versus /3 = 0.1); indeed, the density of the surrounding 
medium around the lobes' heads, which is of a main importance in determining the other 
model parameter for the evolved/giant system like J1420— 0545 , is basically identical in both 
scenarios, and is in addition very low, namely p{D) ~ 2 x lO^^^gcm"'^. Hence the emerging 
conclusion is that regardless on the unknown density profile of the ambient medium sur- 
rounding the giant lobes of J1420— 0545 and regardless on the unknown contribution from 
the non-radiating particles to the internal pressure of its cocoon (at least within the explored 
range) the lobes of J1420— 0545 must evolve in a very rarified surrounding. We return to 
this point in the next section § 4. 

If the low density medium surrounding J1420— 0545 is due to the previous jet activity, 
i.e., if this source is indeed of a double-double type, the question is where are its outer lobes. 
As already emphasized above, such structures are not detected in the newly performed 
radio observations, but this may be only because of their advanced ages precluding any 
detection due to substantial coohng of the radiating electrons. In order to explore this 
idea in more detail, we evaluate the expected properties of the hypothetical outer lobes, 
within the framework of the general model for the evolution of luminous radio galaxies 
anticipated in this paper, by assuming the jet power in the previous activity epoch three 
times larger than the power emerging from the "Inner" modeling of J1420— 0545 , namely 
Qj ~ 1.2 X 10^^ erg s"^. This is in analogy to the control sample of DDRGs, for which the 
previous jet activity epochs seem to be universally characterized by larger kinetic powers 
of the outflows when compared to the ongoing jet activity epochs. We also fix the ambient 
medium density profile /3 = 1.5, and set the central density as pn = 4 x 10~ ^^gc m~^, which 



i s the average determined for 30 GRGs studied by iMachalski et al.l (120091 ) and iMachalski 



( 1201 if ). Finally, we set the aspect ratio for the hypothetical relict lobes of J1420— 0545 as 
half of the value characterizing the observed radio structure, R^ = 6. The expected time 
evolution of the length and luminosity of the outer lobes is then calculated in a number 
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of models differentiated by values of tj and t. Searching for a model providing relict lobes' 
length not shorter than that of the currently observed structure, as well as radio fluxes below 
the current sensitivity limits, we find a possible solution for D = 4.70 Mpc, tj = 106 Myr 
and tout = 178 Myr (see model "Outer" in Table 6). Figure 5 presents the expected observed 
spectrum of the hypothetical outer lobes corresponding to the model solution. 



3.4. Evolutionary Tracks 

In the framework of the considered model and for a given set of the observables, the 
whole time evolution can be easily calculated for each analyzed source. Figure 6 shows such 
an evolution, depicted in the luminosity-size evolutionary tracks, Py — D, for the outer and 
inner lobes of the three exemplary DDRGs modeled in this paper. Here the star symbols 
indicate the actual ages of the lobes emerging from the modeling, while the consecutive 
age markers are connected with dotted lines. The diagrams indicate that very soon after 
a termination of the jet flow the outer lobes decrease quickly in radio luminosity, and slow 
down their expansion. The inner lobes may then 'overtake' the outer cocoon both in the 
luminosity and in size. Strictly speaking, at the point when the new-born structures grow 
beyond the older ones the model applied here to describe the evolution of the inner lobes is 
not valid anymore; hence the segments of the evolutionary curves shown in Figure 6 which 
corresponds to such a case do not describe any realistic situation. However, our calculations 
indicate also that this is expected to happen only when the inner lobes reach an age of about 
or over 100 Myr. 

The analogous evolutionary tracks for J1420— 0545 are shown in Figure 7. The tracks 
corresponding to the "Primary" and "Inner" models for the observed radio structure are 
denoted by solid and dashed curves, respectively. The evolutionary track for the hypothetical 
outer lobes in J1420— 0545 , corresponding to the "Outer" model parameters, is given by 
short-dashed curve. The actual ages of the observed and of the hypothetical/outer radio 
structures emerging from the model flts are marked by the fllled and open star symbols, 
respectively. 

As can be inferred from the presented diagrams 6-7, for the ages of the outer lobes 
t < tj corresponding to D{t) > oq the lobes' luminosities decrease slowly with time. This 
is because of the ongoing synchrotron and adiabatic cooling of ultrarelativistic electrons 
evolving within slowly expanding cocoons. We note that in the framework of the applied 
model the adiabatic losses do not depend on the age of a source, due to the assumed constant 
ratio between the lobes' pressures Phc = Ph/Pc throughout the lifetime of a system. Also, 
inverse-Compton energy losses of the radiating particles are mostly negligible: for all the 
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outer lobes modeled in this paper the energy densities stored in the lobes' magnetic field 
exceed the energy densities of the CMB photon field at the source redshifts, mb = -B^/Svr > 
""CMB — 4 X 10~^^(1 + 2;)^ergcm~^, up to late phases of the evolution t > 100 Myr. On 
the other hand, once the jet fiow decays and the source grow old (ages t > tj), combined 
synchrotron and inverse- Compton energy losses quickly cool most of the particles radiating 
within the relict lobes, causing a rapid decrease in the source luminosity. 

The inner lobes evolve in a different manner. In the uniform, low-density but high- 
pressure environment their adiabatic (sideway) expansion is hampered, and as a result the 
lobes' luminosity increases with time. However, the simultaneously decreasing energy density 
of the lobes' magnetic field falls at some point below the energy density of the CMB photon 
field, causing the onset of the luminosity decline due to the dominant inverse- Compton 
energy los ses of the radia ting electrons. It is worth noting that such an effect, predicted 



already by lBaldwinl (119821 ). strongly depends on the density of the source environment. This 



is illustrated in Fi gure 8, which show s the P^ ~ D evolutionary tracks of a fiducial source 



as considered by iKaiser et al.l 119971 ) evolving within a uniform ambient medium (/3=0) 



characterized by thre e different values o f the density: po = 7.2 x 10 ^^gcm ^ (solid line. 



reproducing figure 4 in lKaiser et al.lll997l ) , 5 x 10~^^ g cm^^ (dashed line) , and 5 x 10~^^ g cm~'^ 
(dotted line). As illustrated, the effect is stronger and stronger for lower and lower density 
of the ambient medium, but in all the cases the inverse-Compton dominance and the related 
onset of the luminosity decline starts around the source ages of about t < 100 Myr, when 
the source sizes are D ~ 0.1 — IMpc. The time evolution of length and luminosity of the 
outer and inner lobes of the exemplary DDRG J1548— 3216 is shown in Figure 9. 



4. Discussion 

The main observational argument for a restarted jet activity in J1420— 0545 is the 
very high axial ratio of the observed radio structure. This finding suggests almost ballistic 
propagation of powerful jets in a particularly low-density ambient medium. If this low 
density of the source environment is due to the previous jet activity indeed, or rather due 
to a unique location of J1420— 0545 in a void region of the galaxy distribution, is a central 
question we aim to address in the presented analysis. Extremely large linear size of the 
studied object, D ~ 4.7 Mpc, makes the investigation particularly relevant. Note that radio 
cocoons exceeding a few Mpc in size are quite unexpected at the redshift of 0.3, since all the 
other extended FRII systems at z < 0.3, including outer lobes of DDRGs, are substantially 
shorter than this. Regardless on the details of the jet duty cycle and of the origin of the 
lobes in the system, however, the energetic requirements for the outfiows in J1420— 0545 are 
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severe, as discussed below. 



4.1. Galaxy Counts 

As an independent check of the IGM density in the vicinity of J1420— 0545 we have 
performed simple galaxy counts around the position of the source, and compare d the resultin g 



values with the mean 'background' number density of galaxies determined by iTysonI ( 1l988l ). 

log A/'bg = (0.39 X R- 4.8) deg"^ mag"^ , (3) 

for the isophotal red magnitudes R. We note that the isophotal limits are sufficiently low 
for most of the galaxies so that R can be considered as total magnitudes to the precision 
of the faint-galaxy photometry. However, in order to perform reliable counts of galaxies 
surrounding the analyzed target, it is necessary to choose proper selection criteria in order 
to remove from the list stellar objects, keeping in mind that the host galaxy of J1420— 0545 



itself is very faint: R = 19.65 mag and B = 21.82 mag (JMachalski et al.l 120081 ). 



Luminous extragalactic radio sources are hosted by elliptical galaxies located in the 
centers of poor clusters and groups. A standard measure of cluster richness can therefore 
be used to check whether J1420— 0545 shares this characteristic or nor. Here we follow a 
particularly simple and frequently applied procedure of counting the objects with in 3 Mpc ra- 



dius around a given i?*-magnitude galaxy, which are brighter than R* + 3 (e.g., iHill &: Lilly 



19911 ). For this purpose we use the Minnesota Automated Plate Scanner (MAPS) Cata- 
log of the first-epoch Palomar Observatory Sky Survey (POSS-I), which was derived from 
digitized scans of glass copies of the blue and red plates of the original POSS-I. The lim- 
iting magnitudes of this database preclude however detections of the systems as faint as 
R = 19.65 + 3 = 22.65 mag. For this reason, we define A/" as a number of galaxies with 
red POSS-I magnitudes E ± 1.5, which are located within 3 Mpc radius around J1420— 0545 
(corresponding to the angular separation of 11.1 '). Two different selection criteria have been 
considered: (i) 0.5 < galnod < 1.0 at both E and O plates indexing non-stellar objects, and 
(n) colors — E> 1.4 mag providing rejection of bluer objects, i.e., by assumption, quasars. 
As a result, 68 and 72 objects fulfilling the above criteria have been found, respectively. The 
emerging numbers are, quite surprisingly, fully compatible with each other. Diving the cor- 
responding mean value 70 by a circular sky area of 3 Mpc radius at the position of the target 
source gives us A^ ~ 650 galaxies per deg^. The relevant number of 'background' galaxies 
imphed by equation 3 is A/'bg — 2650. Hence, the resulting ratio A/"/ A/'bg — 0.25 indicates that 
J1420— 0545 is indeed located in distinctly poor region of the galaxy distribution, as further 
confirmed by investigating the number density of galaxies within a few larger concentric 
rings, up to 16 Mpc from the target; this number density occurs to be almost constant. 
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4.2. Relict Lobes? 

The Py — D diagrams shown in Figure 6 illustrate that after a termination of the jet 
activity, luminosities of the outer lobes in DDRGs decrease quickly with time, falling eventu- 
ally below the inner lobes' luminosities. This is further depicted in Figure 9 for the particular 
case of DDRG J1548— 3216. Therefore, if the hypothetical outer lobes of J1420— 0545 are 
old enough, one may expect their radio surface brightness to fall substantially below the rms 
noise level of the available radio maps. Figure 7 shows that the 1400 MHz luminosity of these 
lobes, calculated for the "Outer" model parameters (Table 6), is indeed lower than that of 
the currently observed structure in the system. On the other hand, one should expect at the 
same time a substantial steepening of the radio continuum for the dying cocoon, and hence 
possibly non-negligible fluxes at low observing frequencies. Figure 5 indicates in particular 
that the total flux density of the presumed outer lobes in J1420— 0545 might be comparable 
to the observe d flux density at fr equencies < 300 MHz. Around 74 MHz, the frequency of the 



VLSS survey (ICohen et al.l 120071 ). the estimated flux is about 1.4 Jy. Even though relatively 
high, this flux is still not enough for a robust detection of the relicts in the archival dataset. 
We note that the VLSS survey is characterized by the average sensitivity of cr ~ 0.1 Jy per 
beam of 80" x 80", and hence that the detection limit of about 5cr for an unresolved source 
reads as ~ 0.5 Jybeam"^. Assuming therefore that each of the two putative outer lobes of 
J1420— 0545 has an area of about 2' x 3', i.e. about 3 — 4 beams, a 74 MHz flux of about 
1.5 — 2.0 Jy would be required for the detection in the VLSS. This is 2 — 3 times the ~ 0.7 Jy 
flux expected for each of the lobes in the framework of the "Outer" model. 

Future high- sensitivity VLA or Low Frequency Array (LOFAR) observations at fre- 
quencies below 100 MHz could be however more promising for investigating a presence of 
the hypothetical outer cocoon in J1420— 0545 . Interestingly, this structure could be also 
possibly probed at X-ray frequencies, since inverse- Compton scattering of the CMB pho- 
tons to the X-ray range involves electron energies lower than those involved in producing 
observable radio synchrotron emission of the lobes. Searching for analogous relict ('ghost') 
structures in other evolved radio galaxies and radio-loud quasars using current X-ray instru 



ments has been in fact already proposed and con sidered in the literature (e.g.. iFabian et al. 



20091 : iBlundell fc Fabianll201ll : IMocz et al.ll201l[ ). 



4.3. Age and Expansion Velocity 

In the previous section § 3.3 we have noted a relatively young age of the observed radio 
structure of J1420— 0545 emerging from the model fits, t ~ 35 Myr, which is in between of 
the ages evaluated for the inner and outer lobes of the analyzed DDRGs. Correspondingly, 
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a relatively high expansion velocity Vh_{t)/c ~ D/{2ct) c^ 0.2 has been found for the source, 
about ten times higher that the analogous values estimated for the outer lobes in the control 
sample of DDRGs, and a factor of at least a few higher than the expansion velocity of the 
inner lobes in such systems. Are however these somehow extreme values realistic at all, or 
are they just artifacts of the incorrect scenario applied? 

In all the kinematic models for FRII-type sources, characteristic asymmetries in lengths 
and luminosi ties between the two opposite lobes are expected due to the light time travel 
effects (e.g., Ilongair fc Rikvl Il979l : best et al.l Il995l : IScheueil llDDsl : H boooh . The size 
ratio between the longer (jet side) and shorter (counter-jet side) lobes is in particular q = 
[1 + (fh/c) cos6']/[l — (fh/c) cos 6*], giving the advance speed of the jets 



Vh 



1 



g + 1 



cos^ 



(4) 



In the case of J1420— 0545 we have estimated q ~ 1.078, leading to v^ ~ 0.0375 c/ cos ^ 
and thus implying 6 < 88°. If we further assume lobes' inclination in the source 6 ~ 80°, 
the expansion velocity reads as v^ ~ 0.216c, and hence the source age as t ~ D/{2v\^ ~ 
35.4 Myr. Thus, the kinematic estimates of the age and of the advance velocity of the 
observed radio structure in J1420— 0545 are fully consistent with the values resulting from 
the dynamical modeling presented in §3.3. 

We note that the jet inclination 9 ^ 80° is in fact more probable than 9 ~ 90° adopted 
in the fitting procedure also for the other DDRGs analyzed. However, the resulting model 
parameters are not sensitive to such relatively minor changes in the assumed value of 9, since 
a physical size of the lobes increases only by 2% when the source inclination is decreased 
from 90° to 80°. Finally, we comment on the fact that even highe r advance veloc ity of the 
jet head has been estimated for the radio- loud quasar 3C273 by IStawara (120041 ). namely 
fh > 0.85 c, under the hypothesis that the observed large-scale structure in this s o urce i s 
also a manifestation of the restarted jet activity. The model proposed by IStawarg (120041 ). 
which was inspired similarly by somewhat unusual morphological properties of 3C273 — 
namely by the extremely narrow and only one-sided large-scale lobe in the system — is in 
fact analogous to the one discussed here for J1420— 0545 . 



4.4. Density of the Ambient Medium 

An upper limit for the thermal gas density within cocoons of PR II sources may be 
estimated from the internal depolar ization (lack of any signature s for such) of the observed 
lobes' radio emission. In particular, iGarrington fc Conwayl (119911 ) found that the product of 
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the cold gas number density and the magnetic field intensity within the studied lobes is on 
average {rith x 5) < 5 x 10~'^yuGcm~^. This, for the typical range 3/iG< B < 30 /iG found 
by means of multiwavelength analysis of the non-th ermal lobes' emissioii (including the radio 



and X-ray data for normal-size FRII systems; e.g., iKataoka fc Stawarzll2005l : ICroston et al. 



20051 . and references therein), gives very roughly (nth) < (1~10) x 10~^cm~^, or equivalently 
'^p (^th) < (0.3 — 3) X 10~^^gcm~^. Below we assume that same limit holds also for 
the cocoons of GRGs, and the outer lobes of DDRGs. 



(P 



'th/ 



On the other hand, the upper limit on the plasma density within the extended lobes may 
be provided by analyzing the total amount of ultrarelativistic (or at least mildly relativistic) 
plasma deposited by the jets into the expanding cocoons. Neglecting the work done by 
such expanding cocoons on the ambient medium, the total energy density deposited by 
a pair of jets with kinetic energy Qj over the source lifetime t into the cavity with volume 
V = nD^/{16 B^) is simply u^ei — 2 Qj t/V. This energy density is shared between the lobes' 
magnetic field, electron-positron pairs, and also possibly protons, Utot = ub + Uc + Up. For 
the purpose of rough estimates, below we assume an energy equipartition between different 
plasma species within the evolved lobes, as well as mixed (hadronic-leptonic) jet composition, 
leading to Wrei ~ 3 Wp = 3 (7p) rUpC^ rij-ei, where (7p) is a mean Lorentz factor of the protons 
within the lobes, and nrei is their number density. Noting that in the case of an electron- 
proton jet propagating with relativistic bulk velocities, for which a significant /dominant 
fraction of the kinetic energy is carried by the pa rticles (as in fact suggest e d by the most 



recen t analysis for luminous quasar sources; e.g., iSikora fc Madejskil l2000l : iKataoka et al. 
20081 ). protons injected into the lobes through the jet termination shock are expected to be 
characterized by mean en ergies (7p) ~ Fj, where Fj is the bulk Loretz factor of the outflow 



(see, e.g., the discussion in lKino fc Takaharall2004l : IStawarz et al.ll2007l ). Hence the minimum 
number density of the lobes reads as 



'^rel 



2Qjt 



3 V^ Fj nipC^ 



(5) 



For the parameters of the hypothetical relict lobes of J1420— 0545 implied by the "Outer" 
model (Table 6), namely Qj = 1.2 x 10^'^ergs-\ t = 178 Myr, D = 4.7 Mpc and Rt = 6 
(giving the total volume of the cocoon V c^ 1.7 x 10^^ cm^), assuming in addi tion conser- 
vatively large-scale jet bulk Lorentz factor Fj ~ 3 (see IWardle fc AaronI 119971 ). we obtain 



l^see 

~ 10 ~^^gcm~^. This val ue is in a very 



n^ei ~ 6 X 10 ^cm '^, or equivalently p^.^ — mpUj-d 

good agreement with the analogous one estimated by ISafouris et al.l (120081 ) for the outer 

lobes of DDRG PKSB1545-321 (J1548-3216 in this paper). 



To sum up, the dynamical modeling presented in § 3 implies that the density of the 
ambient medium around the observed lobes of J1420— 0545 is pi^ 



,J1420 
"inn" 



2 X 10 ^^gcm ^. 
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The hypothetical outer lobes in the system would be instead surrounded by the gas with 
the density P"out° ~ 10~^^gcni~^. These values can be compared with the densities of the 
environment found in the modeling for of the outer lobes in the control sample of DDRG, 
Pout^*^^ ~ (0.3 — 3) X 10~^^gcm~^, and also with the densities of the plasma into which 
the inner lobes of the studied DDRGs are evolving (i.e., with the densities inside the outer 
cocoons in the systems), namely pj^^^*"^^ ~ (0.3 — 3) x 10~^'^gcm~^. Note that the latter 
densities are already very close to/almost the same as the upper limits for the thermal gas 
density (pth) provided by the analysis of the internal depolarization effects within the FRII 
lobes. The comparison indicates that even though the environment of the presumed relicts 
in J1420— 0545 was set to resemble the environments of large-scale structures in DDRGs, 
P"out'^ ~ pSS^'^^^j the medium surrounding the observed lobes in J1420— 0545 seems much 
underdense with respect to the medium surrounding inner lobes of DDRGs, pil^^!^ <C pS?^*^^- 
Different sizes of the structures have to be kept in mind, though. The density p^l^^!^ emerging 
from the modeling is however still orders of magnitude above the minimum density of the 
relict cocoon provided by the injection of electron-proton plasma during the hypothetical 
previous epoch of the jet activity in the source, prei. Thus, a substantial entrainment of 
matter is required for the relict lobes of J1420 — 0545 in the framework of the intermit ted jet 
activity scenario (see the related discussion in lKaiser et al.ll2000l : ISafouris et al.ll2008l ). 



It is worth noting that particularly low density of the gas surrounding the observed lobes 
in J1420— 0545 is consistent with the mean density of the baryonic matter in the Universe. In 
fact, ass uming that half of the baryons in the Universe are located in unvirialized filamentary 
WHIM (jCen &: Ostrikerlll999l ). this mean density may be estimated as 



(pb) ~ 0.5 X fib X Per ~ 2.5 X 10 "^ gem 



(6) 



where fib — 0.05 is the bary onic fraction of the flat AC DM Universe, and pcr — lO^^^gcm"'^ 
is the critical density (e.g., iFukugita fc Peebles! 120041 ). The fact that p^l^^^ ~ (pb) implies 
that if the recurrent jet activity in J1420— 0545 is not the case, the source has to be located 
instead in a real void of the galaxy and r natter distribu t ion, a t the outskirts of a fllamentary 
WHIM (cf. ISubrahmanvan et all I2OO8I : ISafouris et aDl2009h . since WHIM is expected to 
constitute matter overdensities 10 — 30 times above the mean value (pb)- 



4.5. Supersonic Expansion? 



Extended lobes of GRGs, even though being in many cases relict structures, may be still 
expanding supersonically with respect to the a mjjient medium, due to thei r relatively high 
internal pressures and low-density environments (jSubrahmanyan et al.ll2008l ). With no good 
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constraints on the temperature of the non-viriahzed gas far away from groups and cluster 
of galaxies, it is however hard to evaluate precisely the sound speed of IGM of interest. For 
the purpose of rough estimates we write 

1/2 /c;/.Tl„..\ 1/2 



/. PiGm\ f5kTiGM\ in7^1/2 

Cs,IGM ^ 7IGM = -^ ~ 10' Tg' 



cms (7) 



where picu, Pigm and Tigm = Tq x 10^ K are the pressure, density, and temperature of the 
gas surrounding the lobes. Meanwhile, the sideway expansion of the lobes, driven by the 
cocoon's internal pressure, is roughly vi ~ (Pc/pigm)^^^, and the related Mach number of a 
bow shock driven in the IGM by the expanding cocoon is J^i = vi/csjgm- 

If the currently observed lobes of J1420— 0545 are due to a primary jet activity, i.e. if 
these lobes evolve within 'undi sturbed' environment, the expected ambient medium (WHIM) 



temperature is 0.1 < Tg < 1 ( ICen &: Ostrikerlll999l ). This, together with Pigm ~ (Pb) and 
Pc ~ (1^4) X 10^^^ dyncm"^, as indicated by the modeling discussed in the previous sections, 
gives us V£ ~ 0.01c, and Aii ~ (20 — 120). If the observed lobes are due to the recurrent 
jet activity instead, the involved shock Mach number would be reduced due to the expected 
larger temperature of the IGM heated at the bow shock driven by the outer cocoon during 
the previous epoch of the jet activity. For this outer cocoon, taking again Tg ~ (0.1 — 1), 
we obtain vi < 0.01 c, and Aii ~ (20 — 50). Hence, regardless on the details of the jet duty 
cycle in the considered source, we conclude that the giant lobes in the system are expected 
to modify substantially the surrounding matter by driving strong shocks and heating WHIM 
at the outskirts of the filamentary galactic distribution. 



4.6. Energetics 

Relativistic jets in luminous radio galax i es and radio-loud quasars are widely believed 



to be powered via the iBlandford fc Znajekl (J1977I ) mechanism by a rotational energy of 



supermassive blac k holes (SMBHs) residing in the centers of their host galaxies (see, e.g.. 



Sikora et al.l 120071 and references therein). The maximum energy that can be extracted in 



this way is equal to the 'reducible mass' of a maximally-spinning SMBH, namely 



^rot 



0.3Mbhc^=^5 X lO^^Mgerg, 



where Mbh = Mg x IO^Mq is the black hole mass. The total power of a relativistic outflows 
formed in the Blandford & Znajek process is typically approximated as 
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where J/Jmax is the black hole spin normalized to the maximum value Jmax = GM^-^^/c, the 
intensity of the magnetic field threading the black hole horizon is Bg, and r^ = GM^n/c^ 
is the gravitational radiu s of a SMBH (for the most recent discussion on this issue see 
Tchekhovskoy et al.ll2010l ). The exact value of Bg is not known, but it is often assumed 
that the maximum magnetic field intensity close to the black hole horizon corresponds to 
the case when the magnetic field energy density is equal to the radiation energy density of a 
system accreting at the Eddington rate. This gives Bg ~ (2LEdd/''^g c)"^/^ ~ 6 x lO'^Mg' ' G, 
where LEdd = 47rGMBH^^pc/crT — lO^^Mgergs"^ is the Eddington luminosity. Combining 
all the above formulae together, and assuming further J = Jmax, we obtain finally Qbz ~ 
2 X lO^^Mgergs-^ 

In the case of J1420— 0545 an estimate of the mass of the central SMBH can be derived 
from the velocity dispersion in optical spectrum of the host galaxy. Such a spectrum, ob- 
tained with t he ISIS double-beam sp ectrograph at the WHT 4.2 m telescope, was pubhshed 
previously in iMachalski et al.l ( l2008l ). Based on the spectrum , the stellar velocity disper- 
sion is determined using the STARLIGHT synthesis code of ICid Fernandes et al.l ( l2005l ). 
The code fits a linear combination o f simple stellar populations taken from the evolutionary 
models of iBruzual fc CharlotI ( l2003l ) to an observed emission spectrum. Stellar motions are 
modeled by a Gaussian distribution with the dispersion v^, from which one can recover the 
galaxy stellar velocity dispersion, a*. In the fitting procedure we use only the red part of 
the spectrum, because of a better spectral resolution in the red beam than that in the blue 
one. The obtained STARLIGHT fits of the observed absorption lines broadening, when 
corrected for the instrumental and base resolution, give a* = 194 ± 16kms~^. A relatively 
large uncertainty in the above arises from a rather poor s ignal-to-noise ra t io in t he available 
dataset (S/N ~ 9). Next, using the empirical relation by iTremaine et al.l (120021 ) 



log 



Ml 



BH 



Mo 



8.13 + 4.02 X log 



O"* 



O"0 



(10) 



where ctq = 200 km s ^, we find the black hole mass in J1420— 0545 as Mbh 



lO8-i±o-2M0. 



Even though the above black hole mass is subjected to some uncertainty, one can see 
that for the current jet activity in the source Qj/Qbz ^ 1 and (Qj x t)/£'i.ot ^ 0.04 within 
the allowed range of Mbh- Meanwhile, the presumed previous epoch of the jet activity would 
be characterized by even more extreme ratios, namely Qj/Qbz ^ 3 and (Qj x t)/E^ot ^ 0.7. 
Thus, the energetic requirements for the source are severe, almost independently on the 
par ticular model conside red. Note also that the maximum power of the jet extracted via 
the iBlandford fc Znaiekl mechanism as estim ated above is just a rough approximation (see 
the discussion in iTchekhovskoy et al.l l2010l ) , and involves an accretion at the maximum, 
Eddington rate, needed for supporting the required strong magnetic field near the black hole 
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horizon by the infalling matter. This in turn suggests that the central engine of J1420— 0545 
— with httle manifestation of the ongoing accretion-related activity at present — was once 
(30Myr ago?) a luminous AGN, radiating at the rate Lagn ~ O.lLEdd ^ lO^^ergs"^. This 
provides interesting constraints on the AGN duty cycle in early-type galaxies. 



5. Conclusions 

In this paper we consi der the possibility that the structure of the largest radio galaxy. 



J1420— 0545 discovered by iMachalski et al.l (120081 ). is formed by a restarted, rather than a 



primary jet activity. This hypothesis is motivated by the unusual morphological properties 
of the source, suggesting almost ballistic propagation of powerful jets in a particularly low- 
density ambient medium up to > 2 Mpc distances from the host galaxy. If the low density of 
the source environment is due to the previous jet activity indeed, or rather due to a unique 
location of J1420— 0545 in a void region of the galaxy distribution, is the main question 
addressed in the analysis. The obtained results and the final conclusions are as follows: 

• New observations of J1420— 0545 conducted with the GMRT and VLA confirm its mor- 
phology consisting of only two narrow lobes; no trace of any outer cocoon is therefore 
de tected. We model the newly accessed radio data using the DYNAGE algorithm 



of IMachalski et al.l (120071 ) to determine — for a given set of observables — the main 
physical parameters of the jets inflating the lobes and of their environment. Different 
model fits performed for the observed radio structure imply relatively young age of 
the source ~ 35Myr, its relatively high expansion velocity ~ 0.2 c, large kinetic power 
~ 4x 10"^^ ergs~^, and confirm particularly low-density environment ~ 2x 10~^^ gcm~^. 
The kinematic estimates of the age and of the advance velocity are fully consistent with 
the values resulting from the DYNAGE modeling. 

We find that it is possible to chose a realistic set of the model parameters for which 
the hypothetical outer lobes of J1420— 0545 are old enough so that their expected 
radio surface brightness is substantially below the rms noise level of the available 
radio maps. We speculate that future high-sensitivity VLA and Low Frequency Array 
observations, or X-ray studies using facilities such as XMM-Newton or Suzaku, may 
be more promising for investigating a presence of the hypothetical outer cocoon in 
J1420-0545 . 

The extremely low density of the gas surrounding the observed lobes in J1420— 0545 
is consistent with the mean density of the baryonic matter in the Universe. This 
suggests that if the recurrent jet activity in J1420— 0545 is not the case, the source 



-23- 



has to be located instead in a real void of the galaxy and matter distribution. This 
conclusion is partly supported by the galaxy counts performed in the vicinity of the 
studied object. If correct, it further implies that the giant lobes in J1420— 0545 are 
expected anyway to modify dramatically their surroundings by driving strong shocks 
(Mach numbers > 20) and heating the gas located at the outskirts of the filamentary 
galactic distribution ('warm-hot phase of the intergalactic medium'). 

Finally, we also find that the energetic requirements for the source (with a given mass 
of the central supermassive black hole estimated in this paper) are severe in terms of 
the total jet power and the total energy deposited by the outflows far away from the 
central engine. Rough estimates presented imply therefore that this central engine — 
with little manifestation of the ongoing accretion-related activity at present — was 
once a luminous AGN, radiating at the maximum (Eddington) rate. This provides 
interesting constraints on the AGN duty cycle in isolated early-type galaxies. 
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Table 1: Main properties of the studied sources. 



Name 


Redshift 

Z 


Type/Lobe 


Total Liner Size 
D [kpc] 


Lobes' Axial Ratio 


J1420-0545 


0.3067 


GRG/Northcrn 
GRG/Southern 


2257±9 
2433±14 


12±3 
12±3 


J0041+3224 


(0.45) 


DDRG/Outcr 
DDRG/Inncr 


993±17 
182±6 


4.4±1.4 
9.0±3.0 


J1453+3308 


0.249 


DDRG/Outer 
DDRG/Inncr 


1320±28 
170±6 


3.8±1.3 
9.6±3.2 


J1548-3216 


0.1082 


DDRG/Outer 
DDRG/Inncr 


998±22 
317±4 


2.9±0.5 
11±4 
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Table 2: New GMRT and VLA observations of J 1420 -0545 . 



Telescope 


Array 


Frequency 


Primary 


Beam 


Date 






V [MHz] 


[arc niin] 




GMRT 


pa 


328.8 




81 


2008, May 7 


GMRT 


F 


617.3 




43 


2008, May 21 


VLA>^ 


D 


4860.1 




9.3 


2008, Jul 3 


VLA'^ 


D 


4860.1 




9.3 


2009, Oct 25 



''"F" denotes the full array. 
''Observations of the northern lobe. 
^Observations of the southern lobe. 



-30- 



Table 3: Instrumental characteristics for the presented radio maps of J1420— 0545 



Frequency 


Beam Size 


Position Angle 


RMS Noise 


V [MHz] 


[arc sec] 


[deg] 


[mJy 


beam ^] 


328.8 


16.1x7.8 


59.8 




0.103 


617.3 


7.1x6.3 


50.0 




0.035 


1400.0 


6.4x5.4 


0.0 




0.153 


4860.1 


10.8x17.2 


-11.5 




0.048 


4860.1 


9.9x14.4 


-14.8 




0.036 
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Table 4: Observed radio fluxes and luminosities of J1420— 0545 including its Northern and 
Southern lobes, core, as well as of the source confusing the Northern lobe. 





Northern lobe 


Southern lobe 


Core 


N-conf. 


V 


s. 


log P. 


s. 


log P. 


s. 


s. 


[MHz] 


[mJy] 


[WHz-isr-i] 


[mJy] 


[WHz-isr-i] 


[niJy] 


[mJy] 


328.8 


131±18 


24.436±0.060 


100±16 


24.318±0.070 


<1.0 


16.0±2.4 


617.3 


86±8 


24.270±0.041 


67±7 


24.162±0.046 


<1.3 


11.1±1.8 


1400.0 


49±6 


24.060±0.054 


41±5 


23.964±0.053 


2.0±0.2 


5.1±0.7 


4860.1 


11±1.2 


23.464±0.048 


11.7±1.8 


23.468±0.068 


2.1±0.3 


2.7±0.4 
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Table 5: Observed radio fluxes and luminosities of the three DDRGs modeled in the paper. 



DDRG 



Outer lobes 



Inner lobes 



V 

[MHz] 



[mjy] 



log P. 

[WHz-isr-i] 



5. 
[mJy] 



"Flux densities from Table 2 of 
^Flux densities from Table 2 of 
'^FIux densities from Table 3 of 
''Flux densities from Table 2 of 



Saikia et al 



Konar et al 



Konaretal 



(2006) 



2006 ) 



Machalski et alJ (|2010[ ). 



log P. 

[WHz-isr^i] 



J0041+3224 


617 


1140±120'' 


25.826±0.046 


1005±70° 


25.733±0.030 




1287 


460±35° 


25.466±0.033 


518±26° 


25.445±0.022 




1400 


409±43° 


25.416±0.046 


525±37'' 


25.451±0.031 




4860 


87±7'' 


24.770±0.035 


206±10" 


25.044±0.022 




8460 


>20 


— 


132±7" 


24.851±0.023 


J1453+3308 


240 


1657±249* 


25.349±0.066 


176±26'= 


24.375±0.065 




334 


1465±154'' 


25.304±0.046 


141±12'= 


24.280±0.037 




605 


976±73'' 


25.144±0.033 


105±10'= 


24.154±0.040 




1287 


436±33'' 


24.811±0.033 


58±9^ 


23.900±0.073 




1400 


403±30'' 


24.778±0.034 


57±6^ 


23.893±0.046 




4860 


103±8'' 


24.203±0.035 


27±4^ 


23.579±0.065 




8460 


— 


~ 


14±3'= 


23.301±0.094 


J1548-3216 


160 


8400±840'' 


25.279±0.045 


— 


— 




334 


4737±710'' 


25.034±0.066 


188±29'' 


23.632±0.067 




619 


3141±252'' 


24.859±0.035 


131±12'' 


23.475±0.040 




843 


2410±180'= 


24.747±0.033 


— 


— 




1384 


1733±87'' 


24.608±0.022 


80±7.3'' 


23.261±0.040 




2495 


963±45'* 


24.360±0.021 


53±6.2'' 


23.082±0.051 




4860 


415±42'* 


24.006±0.044 


31.5±3.8'' 


22.856±0.053 




4910 


— 


— 


35.0±2.4'' 


22.902±0.030 



2006 ) after subtraction of the core emission. 



Flux density adopted from the Molonglo Reference Catalogue (MRC; Ijones fc McAdamlll992l ) after 



subtracting the estimated flux density of the inner lobes made by interpolation between the values in 
column (6). 
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Table 6: Model fit parameters for the analyzed sources. 







J0041+3224 


J1453+3308 


J1548- 


-3216 




J1420-0545 








Outer 


Inner 


Outer 


Inner 


Outer 


Inner 


"Primary' 


' "Inner" 


"Outer" 


A) 


ao [kpc] 


10 


10 


10 


— 


10 


— 


10 


10 


10 




/3 


1.5 


0.1 


1.5 





1.5 





1.5 


0.1 


1.5 




B [deg] 


90 


90 


90 


90 


90 


90 


90 


90 


90 




k' 


10 





10 





10 





1 





10 




O'min 


1 


1 


1 


1 


1 


1 


1 


1 


1 




7max 


10^ 


10^ 


107 


107 


107 


107 


107 


107 


107 




7c, 7IGM 


5/3 


5/3 


5/3 


5/3 


5/3 


5/3 


5/3 


5/3 


5/3 


B) 


Qj[10«ergs-i] 


14.4 


2.49 


3.92 


0.32 


1.59 


0.14 


4.57 


3.95 


12.0-' 




po [10-27 gcm-3] 


10.8 


2.64 


73.0 


0.94 


78.9 


0.15 


0.55 


0.00033 


AO.Ql 




Oinj 


0.620 


0.600 


0.501 


0.660 


0.505 


0.608 


0.547 


0.534 


0.54 




t [Myr] 


105 


4.0 


104 


5.0 


132 


9.2 


35 


32 


178 




tj [Myr] 


94 


— 


80 


— 


102 


— 


— 


— 


106 




v2 
Xred. 


0.74 


2.20 


0.98 


0.35 


1.04 


0.60 


0.95 


0.85 


— 


C) 


«h(t)/c 


0.013 


0.046 


0.018 


0.030 


0.011 


0.031 


0.186 


0.146 


0.037 




D/(2ct) 


0.015 


0.075 


0.021 


0.055 


0.012 


0.056 


0.218 


0.239 


0.043 




p(D) [10-29 gcm-»] 


3.09 


— 


13.6 


— 


22.4 


— 


0.015 


0.019 


1.11 




Pc[10-i^dyncm-2] 


227 


170 


23.0 


32.0 


21.1 


4.00 


0.42 


0.13 


3.80 




B[mG] 


7.7 


24.0 


2.3 


15.5 


2.2 


3.7 


0.51 


0.65 


0.97 



A) Parameters ao, /3, 0, k' , 7mini 7max, Pc and Pigm are fixed during the fitting procedure to the values given in the table. 

B) Parameters Qj, po, Qinj, i, and ij are the results of the model fitting (with X^^^ given in the table), except of the cases 
marked by a superscript / indicating the values assumed (see the discussion in §3.3). 

C) Quantities v^^{t)/c, D/{2ct), p(D), Pc, and B^ are evaluated based on the values of the model parameters given above in 
the table. 

.'^Parameters fixed in the fitting procedure (see the discussion in §3.3). 
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Fig. 1. — VLA image of J1420— 0545 at 4860.1 MHz with an angular resolution convolved to 
15" X 20", shown as an ellipse in the bottom right-hand corner. The position of the radio 
core, as well as the northern and southern lobes, are also marked. The contours spaced by 
a factor of v2 in brightness are plotted starting with a value of 0.135 mJybeam"^. 
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Fig. 2. — Northern and southern lobes of J1420— 0545 (top and bottom panels, respectively), 
as observed at four different frequencies: (a) 328.8 MHz with GMRT, (b) 617.3 MHz with 
GMRT, (c) 1400MHz with VIA (FIRST survey), and (d) 4860.1MHz with VLA. The con- 
tours spaced by factors of \pl in brightness are plotted starting with a value CI given in 
each panel in the units of mJybeam"^. The sizes of the beams are indicated by ellipses in 
the bottom-right corners of each image. 
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Fig. 3. — Model fits to the comoving spectra of tlie outer and inner lobes of the three 
analyzed DDRGs. 
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Fig. 4. — "Inner" model fit to the comoving spectrum of the entire J1420— 0545 structure 
(solid curve). The spectra of both lobes and of the core are also shown (dashed and dotted 



curves . 
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Fig. 5. — "Inner" model fit to the observed spectrum of tlie entire J1420— 0545 structure 
(solid curve), and the expected spectrum of the hypothetical relict lobes of the source cor- 
responding to the "Outer" model parameters (dashed curve). The spectrum of radio core is 
depicted by a dotted curve. 



-39- 



K 25.0 



DDRG 


,10041+3224 


- 


-- — -^__ 


J^Jter 


' 


/ "-■-. 


^^^^^ 


100 Myr 


: 


4Myr 105M 


\ 


X : 




actual age 


\ 


- 






\ 


I, 








s 


- 






200 






\ : 



DDRG ,11453 + 3308 

actual afie 



__Outer 



104 Myr 




DDRG 


,11 


548 


-3216 








actual age 


, Outer 


— 


r — 


r~^ 132 Myr 














,^^ 


9.2 Myr 1 /;f' 








Inner I / o \ 











100 1000 

D[kpe] 



100 1000 

D[kpc] 



100 1000 

D[kpc] 



Fig. 6. — Time evolution of the outer and inner lobes of the analyzed DDRGs depicted on 
the luminosity-size diagrams Pi.4ghz ~ -D. The actual ages of the radio structures emerging 
from the model fits are marked by the star symbols, while the consecutive age markers are 
connected with dotted lines. 
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Fig. 7. — Time evolution of J1420— 0545 depicted on the luminosity-size diagrams Pi.4ghz — 
D. The tracks corresponding to the "Primary" and "Inner" models for the observed radio 
structure are denoted by solid and dashed curves, respectively. The evolutionary track for the 
hypothetical outer lobes in J1420— 0545 (corresponding to the "Outer" model parameters) is 
given by short-dashed curve. The actual ages of the observed and of the hypothetical/outer 
radio structures emerging from the model fits are marked by the filled and open star symbols, 
respectively, while the consecutive age markers are connected with dotted lines. 
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Fig. 8. — -Pi 78 MHz — D evolutionary tracks of a fiducial source (as considered by lKaiser et al. 



19971 ) evolving within the uniform ambient medium (/3=0) characterized by three different 
values of the density po = 7.2 x 10~^^gcm~^ (solid line), 5 x lO^^^gcm"^ (dashed line), and 
5 X 10~^®gcm~^ (dotted line). The consecutive age markers (dots), connected with dotted 
lines, correspond to the source ages from 0.1 Myr to 10 Gyr. 
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Fig. 9. — Time dependence of a linear size (dashed lines) and luminosity (solid lines) for the 
outer and inner lobes of DDRG J1548— 3216. The currently observed sizes and 1400 MHz 
luminosities of the structures implied by the model fits are indicated by open and filled star 
symbols, respectively. The vertical line marks the particular age of the outer lobes starting 
from which their radio luminosity falls below the radio luminosity of the inner lobes. 



